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FINAL REPORT

Microwave and millimeter wave magnetoelectric interactions in engineered
multiferroics and dual electric and magnetic field tunable devices

Gopalan Srinivasan, Andrei Slavin, and Joseph Mantese
Physics Department, Oakland University
Rochester, M1 48309

Abstract

Layered magnetostrictive-ferroelectric structures are multifunctional due to their
response to mechanical and electromagnetic forces. Investigations on microwave
magneto-electric (ME)interactions were performed on ferrite-ferroelectrics layered
structures. Systems studied include yttrium iron garnet (Y1G)-lead zirconate titanate
(PZT) or YIG-barium strontium titanate (BST). Our efforts have resulted in the following
breakthroughs in experimental and theoretical understanding: (i) The observation of
strong microwave ME interactions in YIG-PZT; (ii) Theory and experiments on the
creation and propagation characteristics of hybrid spin-electromagnetic waves in YIG-
BST; and (iii) Fabrication of electric field tunable YI1G-PZT and YIG-BST resonators and
phase shifters operating at 3-12 GHz. These results have been published in 35 journal
articles.

Research Accomplished and Major findings

Layered multiferroics are of current interests for studies on the physics of ME
interactions and for useful devices. The ARO support facilitated fundamental work on
microwave ME interactions and the design and characterization of dual electric and magnetic
field tunable devices [1-32]. Studies focused on the physics and novel device concepts related to
two important effects: (i) ME coupling between tightly bound layers influencing the frequency
of ferromagnetic resonance and (ii) ME coupling between unbound layers leading to the creation
of hybrid spin-electromagnetic waves. Key accomplishements include the following.
- Resonance magnetoelectric effects in ferrite-piezoelectric bilayers, at ferromagnetic resonance
for the ferrite. The ME coupling was measured from data on FMR shifts in an applied electric
field E. Low-loss yttrium iron garnet (Y1G) was used for the ferromagnetic phase. Single crystal
lead magnesium niobate-lead titanate (PMN-PT) and PZT were used for the ferroelectric phase.
- Theory and measurements on hybrid spin-electromagnetic waves that originate from ME
interactions in layered YIG-BST structures, and theory of microelectronic hybrid-wave
resonators.
- Design, fabrication, and analysis of composite based devices, including resonators and phase
shifters. The unique for such devices is the tunability with E.

There have been many breakthroughs in both experiments and theoretical understanding of
the phenomenon. We provide here a brief outline of key accomplishments.



1. Microwave ME effects in ferrite-piezoelectrics: Theory and Experiment

In the microwave region of the electromagnetic spectrum, the ME effect can be observed
in the form of a shift in FMR profile in E (Fig.1). Mechanical stress in the ferroelectric arising
from E is coupled to the ferrite, leading to a shift sH, in the FMR as in Fig.2. Theoretical FMR
profiles based on our model are
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Fig.1:  Theoretical FMR profiles in ferrite-PZT E (KV/cm)
bilayers at 9.3 GHz for E=0 (labeled —-1) and E = 300 Fig.2: Data on FMR field shift vs. E for a YIG
kV/cm(-2). E and H are perpendicular to the bilayer. PMN-PT bilayer. [Ref.23]
[Ref.22]

shown in Fig.1 for bilayers with YIG, nickel ferrite (NFO), or lithium ferrite (LFO) and PZT.
For E = 300 kV/cm, a shift in the resonance field sHg that varies from a minimum of 22 Oe for
YIG/PZT to a maximum of 330 Oe for NFO-PZT is predicted [21,22]. The strength of ME
interactions A = oHg/E is determined by piezoelectric coupling and magnetostriction. Figure 2
shows our data on oH, vs E at 9.3 GHz for a bilayer of YIG and PMN-PT and the ME effect is an
order of magnitude stronger than predictions in Fig.1 for YIG/PZT. The data also provide
evidence for electric field tunability of YIG microwave devices.

2. Hybrid spin-electromagnetic waves in ferrite-dielectrics: Theory and
Experiment

The ME effect discussed above takes place in bilayered ferrite-ferroelectric structures
when the layers are tightly bound i.e. when the mechanical stress created in one layer is
transferred to the neighboring layer. There are, however, other ME phenomena that do not
require bonding between the layers and take place simply due to the proximity of two material
having different dielectric and magnetic properties [31]. An example of such a phenomenon is
the formation of hybrid spin-electromagnetic waves in the layered structures. The nature of the
hybrid waves were studied in a YIG-BST structure shown in Fig.3. The dimensions for the YIG
and BST were chosen to be equal in order to maximize the electromagnetic coupling between
FMR in YIG and dielectric resonance in BST. Both H- and E-dependence of the hybrid
excitations, due to variations in p and €, were measured (Fig.4) and compared with theory [31].




The key result is the tunability of the mode by 100 MHz for nominal E and would facilitate the
fabrication of E-tunable YIG-BST resonators for microwave circuits.
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3. Electric field tunable microwave devices: YIG-PZT and YIG-BST

resonators

The above studies on microwave ME effects in YIG-PZT, YIG-PMNPT, and YIG-BST
led to the design, fabrication and characterization of a new family of novel signal processing
devices that are tunable by both magnetic and electric fields. The device studied under ARO
support included YIG-PZT and YIG-BST resonators [28-31]. We also have an ONR grant for
“Electric field Tunable Ferrite Devices” and supported our efforts on filters, phase shifters and

delay lines [26,27,34-37].

Metal electrodes

PZT plate

YIG film  — /:

GGG substrate

Transducer

I::'i n(f) / Pref (f)

Fig.5: YIG-PZT resonator. [Ref.28]
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-40 E=0
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Frequency (MHz)

Fig.6: Electric field tunable 13 xm
YIG-PMN-PT resonator with
perpendicular magnetization (H =
3010 Oe). [Ref.28]




We have extended the studies described in d.1 and d.2 to include electric field effects in
YIG resonators [28-31]. Bilayers were made by bonding epitaxial YIG films and single crystal
PMN-PT or PZT. Stripline resonators (Fig.5) were subjected to perpendicular or parallel H.
Figure 6 shows the resonator response for an electric field across PMN-PT: a shift o, positive
or negative depending on the H direction, is seen. The tuning obtained here, oHg = 50 MHz for
E=10 kV/cm, is 10 times the width of FMR in YIG and is suitable for device applications. The
resonator Q ranged from 1000-2000. With proper choice of the ferrite and
piezoelectric phases and E-value, a tuning range of 0.5-1 GHz is quite possible.

Similarly, YIG-BST hybrid wave resonators showed Q = 1000 and electric field
tunability on the order of 0.1% of the operating frequency [31].

It is clear from the discussions here that ME interactions are very strong in the
microwave region in bound and unbound ferrite-ferroelectric bilayers and that a family of dual
electric and magnetic field tunable ferrite-ferroelectric resonators, filters, and phase shifters can
be realized. The electric field tunability, in particular, is 0.1% or more of the operating
frequency of filters and resonators. A substantial differential-phase shift can also be achieved for
nominal electric fields. This proposal addresses similar investigations on mm-wave ME
interactions in hexagonal ferrite-ferroelectric-dielectric structures.

4. YIG/PMN-PT resonators: Electrically and magnetically tunable microwave resonators
based on ferrite-piezoelectric layered structure have been investigated. The structure consisted of
bonded layers of single-crystal yttrium iron garnet (Y1G) film and single-crystal lead magnesium
niobate-lead titanate (PMN-PT) slab. The frequency of the resonator was tuned in over a wide
frequency range, from 3 to 10 GHz, by varying the bias magnetic field (magnetic tuning) and
over a narrow range, up to 45 MHz, by the application of an electric field (electric tuning) to the
PMN-PT layer. Performance characteristics of the resonator are discussed. The data are in good
agreement with theory. (Figs.7 and 8). The resonator could be useful as a band-pass or band-
stop filter.

0
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Electrodegh o]
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YIGfilrn/-/ ot 216 8
GGG substrate e P::‘:’Jh £ kViem: 3
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i s = Frequency (GHz)
P P Fig.8: Shift of resonance frequency of
Fig.7: Block-diagram of the YIG/PMN-PT the YIG/PMN-PT resonator with
resonator. applied electric field E measured for
H=1012 Oe, f=4.8478 GHz.




5. YIG-BST Phase shifter: A dual, electric and magnetic field tunable microwave
phase shifter based on the propagation of hybrid spin-electromagnetic waves in YIG-BST
bilayer has been designed and characterized (Fig.9). The electrical tunability of the
differential phase shift Ag is achieved through the application of a voltage across BST.
An insertion loss of 20 dB and a continuously variable differential phase shift as high as
650 degrees in the frequency range of 4.5-8 GHz are measured (Fig.10).

= 90
g o )]
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@ -270
 -360
S 450
£ 540
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/ - Microstrip antennas g =720 . . -
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[ SN, l<— Alumina substrate Frequency (GHz)
@ 1,__|' - SIaf:n:)unl:l plana )
_ osiseore Fig.10: Frequency dependences of the
Fig.9: Experimental prototype of the differential phase shift measured for
YIG/BST phase shifter. H=1939 Oe.

Future plans: We intend to extend this study to cover mm-wave
magnetoelectric interactions and devices. A proposal has been submitted to ARO
and is under review.
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